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Introduction
Observational studies in patients with hemophilia A have suggested that prophylactic factor replacement therapy is more efficacious in preventing joint bleeding episodes and retarding the progression of arthropathy than on-demand treatment [1] . Two randomized prospective trials have confirmed the benefit of prophylaxis in preventing joint damage [2, 3] . Therefore, prophylaxis has become the standard of care for children and adolescents with severe hemophilia [4] . Current prophylaxis strategies can be divided into those that aim to maintain factor VIII (FVIII) activity at > 1 IU dL À1 and those guided by the patients' clinical bleeding patterns [5] . Various challenges to prophylaxis exist in everyday practice, including cost [6] , difficulties with venipuncture, and complications of venous access devices, particularly in young children [7] . du Treil reported that 50% of patients on high-intensity regimens were poorly adherent [8] . The inconvenience and time-consuming nature of prophylaxis appear to be major reasons for poor adherence [9] . Because joint damage occurs after only a few hemorrhages into affected joints [10] , adherence is critical for attaining good long-term outcomes [11] . An FVIII replacement therapy with a longer half-life, which would allow for a longer treatment interval for prophylaxis, could potentially reduce the burdens associated with prophylaxis and may in turn improve clinical outcomes.
Several strategies have been successfully employed to extend the half-life of approved therapeutic proteins, including conjugation with poly(ethylene glycol) (PEG) [12] . For many proteins, PEGylation prolongs the half-life by decreasing renal clearance of the molecule. This process is not relevant to FVIII because FVIII is so large that renal clearance is minimal [13] . Instead, PEGylationmediated interruption of FVIII interactions with the lowdensity lipoprotein receptor-related protein (LRP) family of receptors may decrease hepatic clearance of FVIII [14] . Previous attempts to PEGylate FVIII by using lysine methylation or terminal amine methylation led to decreased coagulation activity because of impairment of FVIII binding to its multiple partners, including von Willebrand factor (VWF) [15] .
Mei et al. [16] described a novel strategy for FVIII PEGylation. Using site-directed mutagenesis, they modified a B-domain-deleted recombinant FVIII (BDDrFVIII) through introduction of a single cysteine specifically conjugated to a 60-kDa PEG molecule. The site-specific PEGylated BDD-rFVIII (BAY 94-9027; Fig. 1 ) retained coagulant activity in chromogenic and one-stage assays with ellagic acid as the activator. It also had improved pharmacokinetics in rabbits and hemophilic mice and showed efficacy comparable to that of unmodified FVIII in stopping acute bleeds, but had a prolonged duration of action in bleeding models in hemophilic mice [16] and dogs [17] . Preclinical studies in mice with hemophilia A and normal rats and rabbits indicated that BAY 94-9027 is less immunogenic than non-PEGylated rFVIII [16, 18] .
We report the first-in-human study of BAY 94-9027. This open-label study demonstrated the extended half-life and other improved pharmacokinetics, clinical safety and lack of immunogenicity of BAY 94-9027 following single and multiple doses in previously treated subjects with severe hemophilia A.
Materials and methods

Study design
This was a non-randomized, prospective, open-label, parallel-group, phase I study (ClinicalTrials.gov, NCT01184820) conducted at four hemophilia centers in the USA. The study was performed in accordance with the US Code of Federal Regulations and the International Conference on Harmonisation Guidelines on Good Clinical Practices. Before the initiation of study procedures, the trial was reviewed and approved by institutional review boards at participating institutions. All subjects gave written informed consent before the initiation of any study-related procedures.
The study objectives were to describe the pharmacokinetics of BAY 94-9027 after single and repeated doses and to assess the safety and immunogenicity of BAY 94-9027 administered over an 8-week period. The trial design is summarized in Fig. 2 . The study was conducted in two cohorts; each cohort was planned to accrue six to eight subjects to allow for at least six evaluable subjects. VWF antigen levels were measured at baseline in all subjects in both cohorts. Because the in vivo recovery and half-life of BAY 94-9027 in humans were unknown at study initiation, bleeding events occurring during the study after initiation of BAY 94-9027 treatment were to be treated with standard rFVIII-FS. For acute bleeds, rFVIII-FS was administered at a dose of ≤ 50 IU kg
À1
, determined by the investigator on the basis of bleeding severity. However, if a bleeding event occurred on the day of a scheduled BAY 94-9027 infusion, the episode was to be treated with the planned dose of study drug. Subjects kept a written log of all infusions.
Subjects
Eligible subjects were men aged 18-65 years with severe hemophilia A, with a documented FVIII activity level of < 1% and ≥ 150 exposure days (EDs) to FVIII. Subjects were immunocompetent, with a CD4 count of > 400 mm
À3
, and had no history or current evidence of inhibitors (titer of < 0.6 Bethesda units). Subjects had no bleeding disorders other than hemophilia A.
Treatment product
BAY 94-9027 is a BDD-rFVIII variant that is site-specifically conjugated with a 60-kDa branched PEG ( Fig. 1 ) [16, 19] ; site-specific conjugation is carried out at an introduced cysteine (K1804C) in the light chain A3 domain of FVIII.
Laboratory methods
FVIII activity levels were measured by the use of chromogenic and one-stage clotting assays with ellagic acid as the activator. For the one-stage assay, FVIII activity was determined in citrated plasma with a turbidimetric assay, with activated partial thromboplastin time assessment calibrated with standard human plasma. FVIII inhibitors were measured at screening, at the first BAY 94-9027 infusion, and 168 h after the last dose of BAY 94-9027, with the Nijmegen-modified Bethesda assay. Antibodies against BAY 94-9027 and PEG were measured with a ligand-binding assay at the first infusion of BAY 94-9027, 1, 2, 4 and 8 weeks after the first infusion, and 168 h after the last infusion. The precision for positive control samples ranged from 11.3% to 27.3% for sample screening, and from 11.2% to 20.3% for confirmatory assays.
Safety assessments included monitoring of adverse events (AEs), wellness assessments, physical examinations, vital signs, complete blood counts, serum chemistry, (including renal and hepatic function) electrocardiograms at screening and at the last visit, and urinalysis.
Pharmacokinetics PK parameters were calculated with WinNonlin (Pharsight, Mountain View, CA, USA). PK parameters calculated included peak concentration (C max ), dose-normalized C max , area under the plasma concentration-time curve from time zero to infinity (AUC), dose-normalized AUC, half-life, volume of distribution at steady state, and clearance.
The PK profile and half-life for each subject, calculated with non-compartmental methods, was used to extrapolate the time when the concentrations would reach 1%, 3% or 5% for that particular subject. coefficients of variation were calculated for each sampling point with the SAS software package, release 9.1 (SAS Institute, Cary, NC, USA). Data were analyzed by Bayer statisticians. All authors were given access to the clinical trial data.
Statistical analysis
Concentration
With analysis of variance of the natural log of PK variables and 90% two-sided confidence intervals for the ratio of means for each comparison, preplanned statistical comparisons of the PK parameters half-life, AUC, and C max were analyzed for: (i) a single dose between rFVIII-FS and BAY 94-9027 for each cohort; (ii) multiple doses and a single dose of BAY 94-9027 for each cohort; (iii) a single dose of BAY 94-9027 between cohorts 1 and 2; and (iv) multiple doses of BAY 94-9027 between cohorts 1 and 2.
Results
Subject disposition and demographics
Baseline demographic information is presented in Table 1 . Fourteen subjects (mean age, 36.1 years [range, 21-58 years]) were enrolled between October 2010 and October 2011. There were seven subjects in each cohort. All subjects completed the study and were evaluable.
Pharmacokinetics
Mean half-life and AUC values for BAY 94-9027 were similar with the one-stage and the chromogenic methods, with differences ranging from À 10.3% to 4.9% for halflife, and from À 2.0% to 1.7% for AUC, following single and multiple doses (data not shown). However, mean C max values were higher for BAY 94-9027 with the onestage assay (~25% higher on average after single or multiple doses). The data presented here are based on the chromogenic assay because this method is used for BAY 94-9027 potency assignment.
PK parameters are shown in Table 2 . (Fig. 4) . The half-life of BAY 94-9027 was 18.7 h (range, 12.1-30.0 h) when averaged across the two cohorts and across single-dose and multiple-dose data, and was significantly longer than that of rFVIII-FS (P < 0.0001). PK parameters of BAY 94-9027 were similar after single and multiple doses. VWF levels at baseline were similar between groups, but there was a tendency for there to be a longer BAY 94-9027 half-life among subjects with higher VWF levels (Fig. 5 ).
Safety
BAY 94-9027 was well tolerated. No inhibitory or noninhibitory antibodies were detected against FVIII, BAY 94-9027, or PEG. One serious AE (a bleed into the muscles of the right pelvis requiring hospitalization) occurred in a subject in cohort 1, 5 days after the last 25-IU kg À1 BAY 94-9027 dose during PK sample collection. The event was judged by the investigator to be unrelated to treatment. In this subject, FVIII levels 4 days after BAY 94-9027 dosing (the last sample collected before the serious AE occurred) were below the quantitation limits of 3% for the chromogenic assay and 1.5% for the one-stage assay. Non-serious treatment-emergent AEs were reported in three other subjects: diarrhea, nausea, and vomiting in one subject; root canal pain in one subject; and headache, arthralgia, and pain in the extremities in one subject. None of these AEs was judged to be treatment related. There were no significant changes in any clinical laboratory parameters.
Bleeding
Although determination of the efficacy of BAY 94-9027 in the prevention or treatment of bleeding episodes was not a specific study objective, data on observed bleeding episodes and infusions were recorded during safety monitoring. No data are available on the types of bleeding event (e.g. trauma related or spontaneous).
There were a total of 32 bleeding events reported during the entire study period, 19 of which occurred during the BAY 94-9027 treatment period (n = 4 in the low-dose cohort; n = 15 in the high-dose cohort).
In the low-dose cohort, four subjects had bleeding episodes 5-6 days after a PK dose of BAY 94-9027 at 25 IU kg À1 (one occurred 5 days after the first dose, and three occurred 5-6 days after the last dose); these episodes were treated with rFVIII-FS. As per protocol, the PK analysis samples were collected over a period of 7 days, during which the subject did not receive another dose. All bleeds in this cohort occurred when FVIII levels were predicted to be < 3% (lower limit of quantitation for the chromogenic assay).
In the high-dose cohort, there were 15 bleeds in six subjects (≥ 2 bleeds per subject) during BAY 94-9027 treatment. Eight bleeds occurred when FVIII levels were predicted to be in the range of 5-81 IU dL À1 on the basis of subject pharmacokinetics, and the remaining seven bleeds occurred when FVIII levels were predicted to be < 3%. Bleeding events treated with rFVIII-FS were resolved as expected. Five bleeding events in the high-dose cohort were treated with BAY 94-9027, either because the bleed occurred on the day of scheduled infusion, or because of inadvertent home use of BAY 94-9027 by the subject; these bleeds were reported by the subject to have resolved after a single 60 IU kg À1 infusion of BAY 94-9027.
Simulations of BAY 94-9027 activity
One of the seven subjects had FVIII levels predicted to be > 1% for 5 days after a single dose of 25 IU kg
À1
BAY 94-9027, and six of the seven had FVIII levels predicted to be > 1% for 5 days after a single dose of 60 IU kg À1 (Table 3) . Furthermore, following multiple doses of 25 IU kg À1 and 60 IU kg
, respectively, two and six of the seven subjects had FVIII levels predicted to be > 1% for 5 days. After multiple dosing with 60 IU kg
, two of the seven subjects had FVIII levels predicted to be > 1% for ≥ 7 days. Additionally, one of the seven subjects had FVIII trough levels predicted to be > 3% for 5 days after a single dose of 25 IU kg À1 or 60 IU kg
. During the multiple-dose period, one of seven (25 IU kg
) and two of seven (60 IU kg À1 ) subjects had FVIII levels predicted to be > 3% for 5 days. After multiple dosing with 60 IU kg
, two of the seven subjects had FVIII levels predicted to be > 3% for 6 days. The predicted numbers of subjects achieving FVIII trough levels of > 1% or > 3% following single doses of rFVIII-FS are also shown in Table 3 . The doses and dosing schedules used in the ongoing BAY 94-9027 pivotal trial took into consideration several factors, including the simulations of FVIII activity summarized in Table 3 .
Discussion
The objectives of this first-in-human study were to evaluate the safety and pharmacokinetics of BAY 94-9027. The results indicate that BAY 94-9027 was well tolerated, with no serious treatment-related AEs, and demonstrate improved pharmacokinetics, including an increased half- life of FVIII activity in the circulation in subjects with severe hemophilia A.
PEGylation has been shown to improve the pharmacokinetics of approved drugs in various therapeutic areas, with good tolerance and safety profiles and no immunogenicity [12, 19] . No inhibitor formation and no anti-BAY 94-9027 or anti-PEG antibody formation was detected in this population of previously treated subjects who had ≥ 150 previous EDs with FVIII. Although immunogenicity was not specifically tested in this study, preclinical studies showed that BAY 94-9027 was less immunogenic than rFVIII in mice with hemophilia A as well as in normal rats and rabbits, perhaps through a mechanism of shielding of antigenic epitopes on the FVIII surface [16, 18] .
BAY 94-9027 had full coagulation activity in preclinical studies using chromogenic assays and in one-stage coagulation activity assays with ellagic acid as the activator [16] . In this study, the BAY 94-9027 half-life and AUC were similar with both assays (differences in mean values between assays were ≤ 2.0% for AUC and ≤ 10.3% for half-life), although C max values were higher with the one-stage assay than with the chromogenic assay. Because factor assays with micronized silica as the activator severely underestimate the factor activity of BAY 94-9027 [16] , ellagic acid was used as the activator in this study.
As predicted by preclinical findings in mouse, rabbit and dog models, this study found that BAY 94-9027 had improved pharmacokinetics in humans, with peak FVIII activity recovery similar to that with rFVIII-FS but with a half-life increased by 32-48% as compared with rFVIII-FS. The longer half-life of BAY 94-9027 is not a result of the longer blood sampling time (up to 168 h vs. 48 h for rFVIII-FS), given that the rFVIII-FS half-life in a previous study with sampling times up to 168 h was similar to that observed here [20] . The observed PK properties were sustained after BAY 94-9027 treatment over a period of 8 weeks on two different dosing schedules. The BAY 94-9027 half-life also appears to be substantially longer than that of its parent compound, unmodified BDD-rFVIII, which has PK properties that are bioequivalent to those of plasma-derived FVIII [21] and fulllength rFVIII [22] in humans.
The clearance mechanisms of FVIII are complex, and FVIII interactions with VWF further increase this complexity [23] . Although free FVIII is cleared via interaction with LRP1 and other ancillary cell surface receptors, most likely a substantial proportion of FVIII is cleared in a complex with VWF that has a half-life of 15 h. The majority of circulating FVIII molecules are bound in a tight non-covalent complex with VWF; binding of FVIII to VWF inhibits FVIII interaction with clearance receptors, increasing its half-life as compared with free FVIII. However, VWF is cleared with a halflife of~15 h, and it is hypothesized that FVIII bound to VWF is cleared together with VWF [24] . This hypothesis is supported by the observation that the halflife of FVIII:C is shorter in patients with blood type O than in patients with blood type A or B. The survival of FVIII is determined more by the half-life of VWF than by the VWF levels directly [25] . The clearance site of the VWF-FVIII complex appears to be the macrophage; FVIII and VWF were codirected to the same macrophages in VWF-deficient mice injected with VWF-FVIII complexes [26] . Mei et al. [16] showed that site-specific PEGylated FVIII had a greater prolongation of half-life when injected into mice with von Willebrand deficiency than when injected into mice with hemophilia A, implying that the efficacy of PEGylation is probably attributable to prolongation of the half-life of free FVIII rather than FVIII complexed to VWF. Powell et al. [27] hypothesized that the complex interactions of FVIII with VWF may limit the achievable prolongation of FVIII half-life to~19 h through modification of the FVIII protein itself, as the half-life of VWF is 16-17 h. The findings from our study support this hypothesis.
Although efficacy in the control or prevention of bleeding episodes was not a specific endpoint of this study, five bleeding episodes were treated with BAY 94-9027, with prompt and complete responses. These results provide preliminary evidence that BAY 94-9027 has clinical coagulant activity in subjects with severe hemophilia A, as predicted by activity in vitro and in preclinical animal models of hemophilia bleeding [16, 17] . Furthermore, breakthrough bleeding episodes were not seen during prophylaxis with a schedule of 25 IU kg À1 twice weekly. The data on breakthrough bleeding in this study are limited by the fact that bleeding episodes were self-reported and, except for one subject admitted to the hospital with a pelvic muscle bleed, the episodes were not objectively confirmed. Overall, preliminary evidence from this small study suggests that a PEGylated FVIII with a prolonged half-life may provide effective prophylaxis, with longer intervals between doses. In summary, this study found that BAY 94-9027 had improved pharmacokinetics as compared with rFVIII-FS, and that BAY 94-9027 was well tolerated, with no immunogenicity over an 8-week treatment period. These data support larger clinical trials of BAY 94-9027 to confirm its efficacy and to determine the optimal dose and schedule for prophylaxis of bleeding in hemophilia A. A pivotal phase II/III study is currently underway to further evaluate BAY 94-9027 in patients with severe hemophilia A.
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